The target fragment production cross sections, angular distributions, and range distri~~tions hf~5 been measured for the interaction of 12-16 MeV/nucleon S with Ho. The fragment isobaric yield distribution and the fragment moving frame angular distributions have been deduced from the data. Symmetry properties of the moving frame angular distributions have been used to establish a relative time scale for the reaction mechanism(s). No fission fragment moving frame angular distribution is symmetric about 90°, suggesting that these products are predominantly produced by a fast, non-equilibrium process. The range distributions are used to deduce energy spectra, which suggest that the heavy residues are the result of complete or incomplete fusion and also of an inelastic process such as deep inelastic scattering. PACS Numbers 25.70.Np 2
I. Introduction
Studies of intermediate energy nuclear collisions are thought to be interesting because of the "transitional" character of the intermediate energy regime. In low energy nuclear collisions, the behavior of the colliding nuclei is determined by their mean field while in high energy nuclear collisions, it is the collision of individual nucleons in the colliding nuclei that determines the outcome of the·reaction. The intermediate energy regime
(projectile energies of 10 to 100 MeV/nucleon) is thought to afford the opportunity of studying how nuclear reaction mechanisms change between these two extreme types of nuclear behavior.
The study of intermediate energy nuclear collisions has many aspects. In this discussion, we shall focus our attention on the experimental characterization of the fragments of the heavy target nucleus produced in such collisions. These fragments may be roughly classified by mass number, i.e., the intermediate mass fragments (Afrag < Atarget/3); the heavy residues (Afrag > (2/3) Atarget) and the fission fragments (Atarget/3 < Afrag < ~ Atarget).
Interest in this area by experimentalists and theoreticians has been quite high, judging from the large number of survey papers and original contributions1-30 that have appeared recently. From these many investigations, certain general features of the production of the target fragments have been discerned. They are:
1. The heavy residue production cross sections represent a significant fraction of the total reaction cross section. 5, 7, 12, 23, 24, 27, 29 The heavy residues are produced mostly in peripheral collisions at the higher projectile energies (35 and 44 MeVjnucleon)18,23,30 although some residues at higher energies result from more central collisions as do • most residues at lower projectile energies23,30 where they can be characterized as evaporation residues27. The heavy residue angular distributions are strongly forward-peaked in all cases23, 24, 27 . Their velocities range from very low (at higher projectile energies where detector thresholds preclude observation of some residues24,27) to velocities exceeding that of the center of mass (indicating the existence of large nuclear excitation energies). Most of these fragments are produced in incomplete fusion reactionsll,l2,18,23,30 although some are produced in nearly complete fusion events23, 30. 2. The intermediate mass fragment production cross sections are substantially lower than those of the heavy residues. They are predominantly produced wi-th a multiplicity of unity in binary events that also yield a heavy residue3,14,17,25,26. The reactions producing them involve both non-equilibrated and equilibrated sources with the former bei·ng more important (in rections induced by carbon projectiles)l7,31,32.
Incomplete fusion with substantial pre-equilibrium particle emission is the dominant production mechanism.l4,17,26 3. The fission fragments ·represent those primary heavy residue reaction products that deexcited by fission rather than particle emissionl2, 24, 27 and also can represent the result of a special nuclear reaction mechanism, fast fission. 3, 6, 10, 28 In the former case, one notes that 1 HR Tfission increases with increasing projectile energy due to two effects (a) the increasing probability of incomplete fusion, leading to lower mass and atomic numbers of the product nuclei, thus decreasing their fissionability and (b) the faster time scale of the more energetic reactions favors the intrinsically faster process of particle emission vs. the slower collective motion of fission.27 Whether fission selects the high momentum transfer events relative to those of lower momentum transfer appears to be a complicated feature of the de-excitation of a given set of nuclei.
Recently Aleklett et AI.33 have studied the interaction of 17 MeV/nucleon 32s, 32 MeV/nucleon 40Ar and 44 MeV/nucleon 40Ar with 197Au. They observed a fast, non-equilibrium fission process associated with central collision events in these reactions. This observation motivated the present study in that we wanted to further characterize this non-equilibrium fission process. To do so, we studied the interaction of -16 M~V/nucleon 32s with a different nucleus, 165Ho. By changing the target nucleus to 165Ho, a nucleus that only fissions when made to rotate rapidly,34 our hope was to observe the effects of a higher fission barrier, higher angular momentum of the fissioning system and a smaller change in deformation in going from saddle-to-scission upon this non-equilibrium fission mode. We were also aware of the existence of a large amount of data35 for the interaction of intermediate energy, lighter projectiles, such as 12c and 16o, with 165Ho.
II. Experimental Procedures
Inclusive measurements of the target fragment yields, angular distributions and differential range spectra for the interaction of 529 MeV 32s with 165Ho were made using radiochemical techniques. The accelerator used in the irradiations was the LBL 88" cyclotron. The measurements were made using techniques that have been described previously.31,32,36,37 Two irradiations, of duration 1.25 and 6.53 hours, respectively, were performed to determine the target fragment yields (total fluences 2.4X1ol5 and 6.7X1ol6 ions, respectively). The targets for these irradiations were -90mg/cm2 thick, Differential range distributions were obtained for 31 radionuclides.
A. Target ~ragment Yields
The measured target fragment production cross sections are shown in Table   I . We have taken a conservative approach in this tabulation and have eliminated from the table all references to all nuclides whose atomic and mass numbers are such that they could possibly be degraded projectile fragments.
In doing so, we have effectively eliminated intermediate mass fragments ·from our study. We have deduced mass yield (isobaric yield) distributions from the measured formation cross sections. The method employed in this estimation procedure has been discussed previously.36
The measured nuclidic formation cross sections were placed in eight groups according to mass number. These cross sections were corrected for precursor beta decay, where necessary, by assuming that the independent yield cross sections for a given species, r(Z,A), can be expressed as a histogram that lies along a Gaussian curve. Each fragment angular distribution was integrated from 0 to TI/2 and TI/2 ton to obtain the ratio of fragments recoiling forward (F) from the target to those recoiling backward (B). To extract further information from the data, the laboratory system angular distributions were transformed into the moving frame of the target residue following the initial target-projectile encounter.
To do this, we have assumed that the final velocity of the fragment in the laboratory system can be written as Vlab = V + v, where the velocity v is the velocity of the moving frame and V is the velocity kick given the 6 ). This unique observation suggests the occurrence of a fast, nonequilibrium-mode of fission (similar to that previusly observed33 for the reaction of 17-44 MeV/nucleon 32s and 40Ar with 197Au). However, unlike the 32s, 40Ar + 197Au reactions where this mechanism was only discernible in the angular distribution of the heavy mass fission fragments, the occurrence df this mechanism is clearly seen for all fission fragments although it is most prevalent for the high mass number fragments (Fig. 6.) C. Target Fragment Energy Spectra
The measured differential range spectra were converted to energy spectra using standard range-energy tables.42 A representative set of these data is shown (in Fig. 7) . The results of the simulations are compared to the experimental data for a typical heavy residue, 170Hf, in figure 8 . The predicted differences between the two reaction mechanisms are barely discernible. The resolution· of the measured data does not allow one to determine which mechanism is dominant but the data agrees well with either prediction.
As noted previously, in addition to the main peak in the heavy residue energy spectra at -0. MeV/nucleon which is consistent with the range spectra of fragments such as 28Mg.
B. Fission Products
None of the fission products had moving frame angular distributions which were symmetric about 90°. This fact suggests the production, in part, of these fragments by a fast, non-equilibrium mechanism. Production of these fragments by a normal, "slow" fission process would be expected to occur also and a modest contribution of non-equilibrium fission events to the total fission fragment angular distributions would cause them to be asymmetric. (In this context, "slow" and "fast" are defined relative to the time estimated45
for the establishment of statistical equilibrium in an excited nuclear system of 2-3X1o-23 sec).
·A known nuclear reaction mechanism for low energy nucleus-nucleus collisions, "fast fission" or "quasifission"28 would appear to be a possible candidate for the suggested non-equilibrium mechanism. In this mechanism, all partial waves between the 1-wave at which the fission barrier vanishes, 1 8 =0 and the_critical angular momentum, lcrit' go via fast fission. In these f events, the fusing system never reaches a configuration inside the fission saddle point and the resulting fission event is fast. Experimental signatures
..
for such events are the lack of symmetry of the angular distributions in the moving frame and a broader than normal fission mass distribution {Figure 2).
Unlike the previous studies33 of the intermediate energy 32s, 40Ar + 197Au reactions where it was possible to resolve the fragment angular distributions into "slow" and "fast" components, the lack of any distribution being symmetric in the moving frame precludes such a decomposition. · As a first guess at an alternate decomposition, if one assumes the slow equilibrium .. 1.
. . *By the term "independent yield", we refer to the yields of shielded nuclides, quasi-shielded nuclides and nuclides whose production by precursor decay is not significant. -2  0  20  40  60  80  100 120  140  160  180  0  20  40  60  80  100 120 140  160  180 t.IOVING FRAME ANGLE t.tOVING FRAME ANGLE ... 
